MOTIVATION
From a satellite-operations perspective the space environment is an inherently hostile one from which to work. Not least among the potential threats to the successful completion of any given mission are meteoroid impacts. A spacecraft can suer impacts from two distinct meteoroid groups: meteoroids from the sporadic background and meteoroids from annual streams. Sporadic meteoroids arrive randomly at the Earth's orbit, throughout the year, and are derived from several broad radiants distributed across the celestial sphere [1] . Stream meteoroids, on the other hand, are highly directional and the Earth only samples signi®cant numbers of such particles for a few days at well-de®ned times of the year.
Many studies have now shown that under normal conditions, the most likely satellite impactors are sporadic meteoroids, and several detailed models exist to describe the meteoroid¯ux from this source [2±4] . More recently, however, it has been realized that there are occasions when the¯ux of stream meteoroids may not be negligible [5, 6] , and this being particularly so when a stream undergoes outburst, or storm activity. There is no strict de®-nition describing the onset of meteor storm conditions, but we take the attainment of a zenithal hourly rate (ZHR) of 1000 meteors per hour to be the minimum requirement. The ZHR is a derived number constructed to correct the observed hourly rate of meteors to a limiting visual magnitude of +6.5 (at the zenith) assuming that the radiant is directly overhead. The ZHR is a useful number since it allows for the standardization of visual meteor observations, and it can be readily converted to a meteoroid¯ux if the distribution of meteoroid masses within the stream is known [7] .
Meteor storms do not occur very often. During the 19th century six meteor storms were recorded, and so far this century four have been observed. When a meteor storm occurs, the¯ux of meteoroids capable of generating visible meteors may increase by a factor in excess of 10 3 to 10 4 above that for the sporadic background. Indeed, from our de®-nition alone, the meteor rate during a storm must exceed that of the sporadic background by a factor of 100. Under these circumstances the meteoroid impact probability for satellites is dominated, albeit for a short period of time, by stream meteoroids. Of great interest, therefore, is the prediction of times at which meteor storms might occur. Since 1799, eleven storms have been witnessed and of these seven have been due to the Leonid meteoroid stream [6] . At the very least, therefore, we have good reason to investigate the conditions under which Leonid storms occur, and ultimately we need to understand the way in which outbursts and storms might arise from for any given Earth-intersecting meteoroid stream.
Following a brief review, in Section 2, of the most recent Leonid storm-producing epoch, we proceed in Section 3 to review the literature on possible spacecraft interactions. Section 3.1 presents a brief review of annual meteoroid stream characteristics. In Section 3.2 we assess the number and characteristics of spacecraft on orbit between 1964 and 1969, while in Section 3.3 we consider spacecraft impact probabilities with respect to the annual meteoroid streams and the 1965 and 1966 Leonid storms. In Sections 4 and 5 we review in detail two satellite missions that apparently encountered Leonid stream meteoroids. Our conclusions are presented in Section 6.
THE LEONID STORMSÐEPOCH 1965
The parent comet to the Leonid meteoroid stream is 55P/Tempel-Tuttle. A detailed investigation of the Leonids by Yeomans [8] has revealed that storms are likely to occur whenever the Earth samples meteoroids which are spatially outside of the comet's orbit and temporally behind it. That is, Leonid storms tend to occur when the stream is sampled a year or two after the comet has passed through the nodal point of its orbit. A summary of recent Leonid storm characteristics is given in Table 1 .
The behaviour of annual Leonid shower activity, prior to a de®nitive epochal storm, is poorly understood at the present time. It appears, however, that the hourly meteor rate at maximum is enhanced each year, for several years either side of the time of Tempel-Tuttle's perihelion passage. Table 2 is a summary of the observational data collected during the 1965 epoch return of Comet Tempel-Tuttle. The observations reveal that enhanced meteor rates were recorded some 4 years before and some 4 years after the time of perihelion passage (April 30, 1965) .
It has been found that the activity pro®le (ZHR vs time) of a meteor storm can be well approximated by a Gaussian function parameterized by the ZHR at the time of maximum and the time during which the activity is ten times the background Table 1 . Summary of Leonid Storms since 1799. The ®rst two columns identify the year and date of the storms. Column three indicates the time at which 55P/Tempel-Tuttle was at perihelion. The time Dt (h) is the time for which shower activity is above ten times the background level, ZHR max is the hourly rate at storm maximum and dt (days) is the number of days between the passage of the Earth through the descending node of 55P/Tempel-Tuttle, and the time that the comet itself passed through the node [8, 9] [15] . Estimates of meteoroid¯uences during previous Leonid storms are given in Table 3 .
The 1965 and 1966 Leonid storms
Leonid meteor storms were clearly and unambiguously observed in 1965 and 1966. The physical characteristics of these two storms, however, were very dierent. While the maximum ZHR deduced for the 1965 storm was only 3% of the maximum ZHR for the 1966 storm, the 1965 storm lasted some 3 times longer than its 1966 counterpart. Radar observations reported by McIntosh and Millman [11] also indicate that the 1966 return was characterized by a relatively high percentage of low mass meteoroids, while that of 1965 was characterized by a higher proportion of greater mass meteoroids. This latter dierence is characterized by the stream's mass index, s, which is related to the observed population index, r, de®ned as the ratio
is the total number of meteors of visual magnitude greater than or equal to M v . The mass index is derived according to the relationship s = 1 + 2.5log 10 (r). The larger the value of s, the greater the relative number of lower mass meteoroids.
The cumulative meteoroid¯ux is related to the mass index through the relation¯ux(m e m 0 ) H m
. Since the cumulative¯ux for meteoroids brighter than visual magnitude +6.5,¯ux (m em +6.5 ), can be determined from the observations [16] , the cumulative¯ux for meteoroid masses em 0 can be determined according to fluxmem 0 fluxmem 6X5 m 0 am 0X65 1Às 1 where m +6.5 is the limiting mass for a meteoroid to produce a meteor of visual magnitude +6.5 at the observer's zenith The limiting mass at which a Leonid meteoroid can produce a meteor of visual magnitude +6.5 at the zenith is 10 À5 g [17] . During a typical non-storm return, the Leonid shower is characterized by a mass index of 2. McIntosh and Millman [11] derived a mass index of 1.6 for the 1965 storm and a mass index of 2.2 for the 1966 storm. McIntosh and Millman [11] also noted that the Leonid outburst of 1961 (see Table 2) was characterized by a mass index of 1.9, whereas Millman [18] found that the visual observations collected during the 1969 outburst indicated a high mass index of 2.2. Porubcan and Stohl [19] also found a mass index of s H 2.2±2.4, from radar observations collected during the 1969 Leonid outburst.
There is a two-fold signi®cance to the observation that the mass index increases during Leonid shower outbursts. Firstly, it means that the true level of visual activity will be slightly more dicult to gauge since local weather eects and/or Moon interference will signi®cantly reduce the observed hourly rates (i.e., the fainter meteors will not be seen). Second, an enhanced mass index implies a greater relative number of low-mass meteoroids and consequently higher satellite impact probabilities.
The dierence between the maximum rate and duration of the 1965 and 1966 Leonid storms is easily explained by the fact that the Earth sampled dierent regions of the stream. The relative dierences in the mass index during storms and outbursts is less easily explained, but no doubt relates to the dierent ejection epochs of the meteoroids, the``sifting'' of meteoroid orbits by planetary perturbations and radiation pressure eects.
METEOROID STREAMÐSATELLITE INTERACTIONS
It was clear even before the launch of Sputnik-1 on October 4, 1957 that spacecraft would be subject to impacts from meteoroids [20, 21] . This result follows simply from the fact that meteors can be observed in the Earth's atmosphere on any given night of the year. Less simply determined, of course, is an estimate of the cumulative meteoroid ux, for a given limiting mass, in the near-Earth space environment, and indeed this very task constituted the main thrust of the early research programs [22±24].
Early measurements from dust detectors¯own on spacecraft suggested that encounters with meteoroid streams were not uncommon. Indeed, Dycus and Bradford [25] argued that Explorer I, launched on February 1, 1958, encountered a previously unknown meteoroid stream during its second and third day in orbit, with a shower radiant near the star e Leo. Dycus [26] further noted that the Russian satellite Electron II apparently encountered meteoroids from the same propounded stream on January 31, 1964 and that Explorer XVI also recorded an enhanced number of meteoroid hits between February 5th and 6th in 1963. Dycus and Bradford [25] searched the photographic meteor orbit data base of McCrosky and Posen [27] and found eleven photographic meteors with orbital characteristics consistent with a radiant near e Leo. To date no visually obtained data have been presented to support the conjecture of a meteor shower, with a radiant near e Leo, in early FebruaryÐit should be noted, however, that many minor meteor showers, with radiants near the ecliptic, are active at the time of interest [28] . While the lack of supportive visual observations is not fatal to the idea that Explorer I, Electron II and Explorer XVI encountered a meteoroid stream, caution must be extended towards the result since the dust-detectors on the ®rst two craft were acoustic ones. This is a problem since Nilsson [29] has shown that such detectors were susceptible to poor calibration and high levels of thermally induced noise. The fact that three independent spacecraft recorded high impact rates from the same general direction in three dierent years is, however, intriguing.
No clear-cut evidence has ever been presented to show that a given spacecraft has suered critical structural damage from a meteoroid impact. There continue to be a number of cases, however, where meteoroid impacts are undeniably implicated as damaging agents (see below). One of the earliest claims of meteoroid impact induced damage was that described by Kellogg [30] who attributed anomalies experienced by Explorer III in 1959 to the passage of the craft through the Z-Aquarid stream. Indeed, it was suggested that two wire detectors were severed during the encounter. Certainly, the Z-Aquarid meteor shower is one of the more prominent annual meteor showers, but with a¯ux of some 5 Â 10 À12 meteoroids/m 2 /s at shower maximum, it is dicult to see how any spacecraft damage, let alone two wire severs, could result from a stream encounter. Wire sever probabilities are further discussed in [31] .
Of interest to the main aims of this study Alexander et al. [32] [32] . Firstly, caution must be directed towards the observations because the Vanguard III detector was an acoustic one and hence susceptible to unquali®ed noise from thermal variations. Second, on dynamical grounds we expect that solar radiation pressure will rapidly scour the Leonid stream of all meteoroids with masses less than H10 À8 g [33] . Thirdly, and most critically, if we assume that the cumulative¯ux varies as a power law with meteoroid mass as m 1 À s , where s is the stream's mass index, then the implied ux for meteoroids of mass m e 10 À5 g with s = 2.0, is H2 Â 10 À5 meteoroids/m 2 /s. This¯ux in turn implies a visual meteor rate of some 100 million per hour! Needless to say, no such meteor rates were observed in 1959 and clearly we cannot accept the Vanguard III results at face value. The apparent Leonid stream encounter was, we suggest, the result of an overly optimistic interpretation of data derived from a noisy detector.
Sounding rockets have also been used to derive estimates of meteoroid¯uxes in the Earth's upper atmosphere. Berg and Meredith [34] , for example, reported a large number of impacts during an Aerobe NIL-25¯ight on November 17, 1955 (a point not missed by Alexander et al. [32] ). But again, no enhanced activity was recorded for the Leonid stream in that year and we are obliged to dismiss the result as spurious. Venus Flytrap, dustcapture experiments were carried by sounding rockets to altitudes of about 100 km shortly after the times of peak activity during the 1965 and 1966 Leonid displays [35] . While the Leonid rates were most de®nitely at storm levels in 1965 and 1966 no Leonid meteoroids were captured during any of thē ights. These null-capture results may, however, be mostly related to the very small capture area, 0.04 m 2 , of the experiments.
Meteoroid stream¯uxes
It is now a well-established observation that the annual meteoroid streams do not typically contribute in any signi®cant manner to the meteoroid¯ux experienced by Earth-orbiting spacecraft [36, 3] . The cumulative¯ux of Leonid meteoroids, for example, with masses e10 À5 g, at the time of maximum activity, during non-storm returns is H10 À12 meteoroids/m 2 /s. The cumulative¯ux of Leonid meteoroids during non-storm years is, therefore, some four orders of magnitude smaller than that from sporadic meteoroids with masses e10 À5 g [3] . While the¯ux of sporadic meteoroids may dominate that of the annual streams, this is not to say that spacecraft cannot be hit and damaged by stream meteoroids. Indeed, there exist good reason to believe that the mission-ending anomaly experienced by the OLYMPUS communications satellite was initiated by a meteoroid impact. The craft was possibly struck by a Perseid meteoroid on August 12, 1993 [37] . Even so, belief in the Perseid meteoroid impact hypothesis is only sustainable because the observed Perseid meteor rates were some two times higher than normal at the time of the anomaly [38, 39] . Figure 1 shows the annual variation of the cumulative¯ux of stream meteoroids, at shower maximum, to a limiting mass of 10 À5 g. The streams are modeled according to the procedure and data of [14] . It is clear from the Figure that the cumulative¯ux of sporadic meteoroids, to a limiting mass of 10 À5 g, dominates that of the streams at all times. Indeed, we note that the only reason annual meteor showers are so``obvious'' to visual observes is because their constituent meteors appear to radiate from the same region of the sky (the radiant) and because stream meteoroids tend to have high Earth-encounter velocities. The latter point is particularly important since the luminous eciency is proportional to the fourth power of the velocity [40] . The cumulative¯ux at shower maximum, to a limiting mass of 10 À5 g, for the major annual meteor showers is given in Table 4 .
The interesting point illustrated by the entries in Table 4 is that the meteoroid¯ux at maximum and the annual¯uences of what are comparatively minor visual showers can, on occasion, match those of the most active visual showers. The¯uence of Ursid meteoroids, for example, is greater than that of the Perseids even though the Perseid shower lasts about ®ve times longer and produces nearly ten times more visual meteors at shower maximum. The reason for this result is that the Ursid stream has a much higher mass index than the Perseid stream, and because the Ursids have a low Earth encounter velocity.
Satellites on orbit 1964±1969
The number of objects on orbit during the Leonid returns from 1964 to 1968 has been derived from DISCOS (Database and Information System Characterizing Objects in Space) [41] . The database has been searched to determine both the number and surface area of objects in low Earth-orbit (LEO) in the time interval of interest. An orbital altitude of 2000 km has been set as the LEO limitÐall other objects simply being classi®ed as outside of LEO. Table 5 is a summary of the data- À5 g. The¯ux is calculated according to the data in [14] and the sporadic¯ux is taken from [3] . is either based upon the observed radar cross-section, when known, or is assumed to be that of a sphere with a diameter equal to the average spacecraft dimensions. The total surface area of spacecraft in Earth-orbit will be of approximately 4 times the cross-section areas given in Table 5 . It is interesting to observe that the surface area of objects in LEO was dominated from 1964 to 1968 by just two spacecraftÐEcho I and Echo II. In 1964 these two craft accounted for 76% of the total cross-section area in LEO, while in 1967 they accounted for over 50% of the total. The large decrease in cross-sectional area between 1967 and 1968 is mostly due to the re-entry of Echo 1 in May 1968.
A total of 16 on-orbit fragmentation events were recorded between November 5, 1964 and October 4, 1969. None of these events, however, occurred near the maximum of a Leonid shower or storm, and consequently we cannot directly attribute any of the breakups to Leonid meteoroid impacts.
Impact probabilities
It is a non-trivial exercise to calculate the meteoroid impact probabilities for speci®c spacecraft in Earth orbit. Here we make a number of simplifying assumptions and present representative impact probabilities rather than discuss speci®c spacecraft scenarios. We assume, for example, that a spacecraft presents a constant surface area to the meteoroid stream radiant, and we do not account for Earth shielding and/or gravitational focusing. For a given meteoroid stream¯uence, F S , and exposed surface area, A, the number of expected impacts N will be the product F S A. This can be converted to a percentage probability by multiplying N by 100. In general, the probability that there will be one or more meteoroid impacts during a particular stream crossing is Ip7 100 Â fluence Â Area 2
Since a typical spacecraft will not present a constant surface area towards a stream radiant and because of the intermittent eects of Earth shielding, the impact probability Ip(%) will be an upper bound estimate for the given¯uence. The probability of exactly m meteoroid impacts during the passage of the Earth through a given meteoroid stream can be calculated from Poisson statistics as
In the case of the major annual meteoroid streams the¯uences are given in Table 4 , and for the Leonid storms the¯uences are given in Table 3 . The area can be either that of a speci®ed spacecraft or the total spacecraft surface area given in Table 5 . The impact probabilities arising during the annual meteoroid streams is given in Table 6 , while the Table 6 . Spacecraft impact probabilities during annual meteor showers. The meteoroid impact velocities and the ZHR at maximum are taken from [14] . The impact probability is that for an exposed surface area of 1 m 2 and the stream¯uences are taken from Table 7 .
Since the impact probability scales linearly with exposed surface area (see eqn (2) we can see from Table 6 that for an exposed cross-section area of say 100 m 2 , the impact probability for the annual streams never rises above 10 À4 per cent per year. At this level it is highly unlikely that a spacecraft will suer a single stream meteoroid hit during its entire mission lifetime.
The impact probabilities under storm conditions (Table 7) are, as one would expect, higher than those from the annual streams. Even so, the impact probability, to a limiting mass of 10 À5 g, on a small sized (area H10 m 2 ) spacecraft is quite low, and this being so even under the extreme 1966 Leonid storm conditions. Large spacecraft, such as Echo I and Echo II, clearly fare less well under storm conditions and impact probabilities of several tens of per cent can be realized.
Impact probabilities to lower limiting meteoroid masses can be calculated with the aid of eqn (1) . At a limiting mass of 10 À7 g, for example, the impact probabilities increase by a factor of 100 for s = 2.0 and by a factor of 1000 for s = 2.5. Clearly, since the number of meteoroids increases with decreasing limiting mass (that is, to a limiting mass set by radiation pressure), the impact probabilities will correspondingly rise. At a limiting mass of 10 À7 g we see that the impact probability for a spacecraft with a cross-sectional area of 10 m 2 was H1% during the 1965 Leonid storm (s = 2.0) and H200% during the 1966 Leonid storm (s = 2.5). The impact probabilities during the 1964, 1967 and 1968 Leonid returns will be a factor of 10 3 to 10 4 times smaller than those given in Table 7 .
Four commercial communication satellites had been successfully placed in geostationary Earth orbit by the close of 1964. These were the three Syncom satellites and Intelsat-1 (Early Bird). Syncom 1 failed shortly after launch, but the remaining craft were fully functional during the 1965 and 1966 Leonid storms [46] . The impact probabilities for the GEO craft are given in Table 8 . At a limiting mass of 10 À7 g and an assumed mass index s = 2, the impact probabilities are of order 0.2 to 1.2%. At these impact probability levels we would not expect any spacecraft damage, and indeed, none was reported. It is worth noting, however, that if we assume a mass index of s = 2.5 for the 1966 Leonid storm, then the impact probability for a Syncom satellite is of order 44%. At this level of probability, we might well have expected at least one hit on one of the GEO satellites.
We can also look at the inverse problem and ask what is the visual ZHR that produces an impact probability of 99%, at a limiting mass of 10 À7 g, for a Syncom satellite. With a mass index s = 2 and a storm duration of 5 h we ®nd that a ZHR at maximum of order 10 7 meteors per hour is required. This required ZHR is some 70 times higher than the peak rate observed in 1966.
In summary, our assessment of impact probabilities for Leonid meteoroids during the period 1964 to 1968 indicates that the only year in which impacts were probable was 1966. The Leonid storm of 1966 holds the record for being the strongest (in the sense of greatest ZHR) meteor storm ever recorded. Our impact probability analysis suggests that in 1966 many Leonid meteoroid impacts may have occurred, at a limiting mass of 10 À7 g, and yet the data also indicate that no events leading to mission termination, or fragmentation were recorded. This is an encouraging result from a satellite operations point-of-view, and it suggests that future Leonid storms might well be`weathered' by adopting area minimization maneuvers (e.g., feathering solar arrays towards the stream radiant). We have also shown in this section that the impact probabilities for annual stream meteoroids, over a satellite's mission lifetime, are very small to negligible.
THE PEGASUS PROGRAM
In total three Pegasus satellites were deployed in Earth-orbit. The craft were essentially modi®ed Saturn-1 rocket bodies equipped with large extendible wings and the program was speci®cally designed to study meteoroid¯uxes in LEO. The three craft were launched on February 16, May 25, and July 30, 1965. Data was gathered from the satellites through to the end of December 1965 [47, 48] . The primary aim of the Pegasus program was to determine the meteoroid penetration frequencies for three dierent thicknesses of aluminum foil. The Pegasus data is of particular interest to this study since both Pegasus II and III were on-orbit and functional during the 1965 Leonid storm. Clifton and Nauman [48] found that during the 24-h period beginning midnight on November 17, 1965 a total of four events were recorded by the 410 mm detectors aboard Pegasus II and III. The 38 mm detector abroad Pegasus II recorded four events in the same time interval, while that on Pegasus III recorded two events. The latter two rates are typical of that expected for the detectors on any given day, while that for the 410 mm detector exceeds the expected daily rate by more than 2s.
Since we know the detector areas and the number of recorded meteoroid hits, we can derive an estimate of the apparent meteoroid¯uence. Table 9 is a summary of the November 17, 1965 results for Pegasus II and III.
In order that the¯uence estimates be of some practical use, we need to determine the penetration mass threshold for the detectors. A calibration of the Pegasus foils has been published by Fechtig et al. [49] and from their data we estimate that at 20 km/s the sensitivity threshold is 10 À6 g for the 410 mm foil and 10 À9 g for the 38 mm foil. At 70 km/s, the encounter velocity appropriate to Leonid meteoroids, the threshold masses are a factor of 20 smaller than at 20 km/s. Figure 2 shows the three Pegasus data points, from Table 9 , in the cumulative¯ux vs mass diagram. It was noted in Section 3 that the lower mass limit to meteoroids in the Leonid stream is H10
À8 g, and we also see from Fig. 2 that the 38 mm data points are in good agreement with the Cour±Palais model. We assume, therefore, that the 38 mm foil penetrations were due to sporadic meteoroid hits. The data point for the 410 mm detector, however, is a little more intriguing. Certainly, it is possible that the apparently enhanced number of hits was due to detector noise, and it is not impossible that all of the hits were sporadic meteoroids. The impact probability implied by the visual observations for the Pegasus II and III detector area, is about 70% at a limiting meteoroid mass of 5 Â 10 À8 g (s = 2.0) and consequently one would not expect to see evidence for more than one Leonid meteoroid hit during the storm. The data is certainly not conclusive, but it is consistent with the argument that at least one of the recorded hits on the 410 mm detectors was due to a Leonid meteoroid.
MARINER IV STREAM ENCOUNTERS
Mariner 4 was launched on November 28, 1964 and was the ®rst spacecraft to return television pictures of the surface of Mars to Earth [50] . The spacecraft encountered Mars in July of 1965, and thereafter adopted an orbit with a perihelion distance of 1.108 AU. The parameters of the``postencounter'' orbit are given in Table 10 and are taken from [51] .
One of the experiments carried aboard the Mariner 4 craft was a cosmic-dust detector [52] . The detector was a combined acoustical plate and capacitor ®lm sensor. Since the minimum mass detection limit of the detector was not known, the system simply counted meteoroid hits above a limiting momentum threshold determined by the acoustical transducer. Following the Mars encounter of July 1965, re-acquisition of Mariner 4 telemetry began in March 1966, but data recovery was intermittent until early 1967 [53] . From mid-July to midOctober, 1967 telemetry coverage was fairly complete. All spacecraft operations were suspended, however, on December 20, 1967. According to [53] and as documented in Aviation Week and Space Technology [54] Mariner 4 encountered meteoroid streams on September 15, 1967 and December 10, 1967 . The reasons for believing that meteoroid streams were encountered on these dates were, (a) enhanced numbers of apparent meteoroid hits, and (b) the detection of perturbative torque's about the spacecraft's roll axis. The position of Mariner 4, in ecliptic coordinates, can be calculated from the data in Table 10 and are given in Table 11 .
The idea that Mariner 4 encountered two meteoroid streams in rapid succession is not, from our present perspective, easy to believe. Given that no detailed analysis of the propounded Mariner 4 stream encounters has ever been published we present a study of these events below.
Re-analysis of the Mariner 4 anomalies
The exact positions of Mariner 4 at the times of the propounded encounters are well known and are given in Table 11 . The distances of closest approach between Mariner 4 and all of the major annual meteoroid streams [28] have been calculated. Figures 3 and 4 through 5 show the conditions of closest encounter (to a limiting distance of 0.6 AU) for all of the annual meteoroid streams between August 1 and December 31, 1967 . The orbital characteristics of the meteoroid streams are taken from Rendtel et al. [28] and are reproduced here in Table 12 . We ®nd that Mariner 4 was positioned within 0.5 AU of three meteoroid streams; the Perseids, the epsilon-Geminids and the kappa- Table 12 for stream identi®cation details. Time is measured in days and the distance of Mariner 4 to the mean stream orbit is given in astronomical units. Table 12 ). Our new result is in contradiction to that of Haynes [55] , who suggested that the anomaly related to the passage of Mariner 4 through the Southern Taurid stream. We ®nd that Mariner 4 was some 0.84 AU from the mean Southern Taurid stream orbit at the time of the anomaly. We also note that Haynes used what is now an old and inaccurate orbit for the stream (that given by Lovell [56] ). At the time of the reported Mariner 4 anomaly the spacecraft was 0.07 AU from the mean Leonid stream orbit. At this separation there is every reason to believe that the spacecraft may well have encountered some Leonid meteoroids. Indeed, an analysis by Levinson [57] has indicated that the roll error recorded by Mariner 4 can be explained on the basis of a few low-mass Leonid meteoroid hits.
The Since the beginning of the space age there have been two meteor storms, and both of these storms were due to the Leonid stream. The Leonid storm of 1966 resulted in a meteoroid¯uence of order 10 À4 meteoroids/m 2 with masses greater than 10
À5
g. This constitutes the strongest meteor storm ever recorded. We have found no evidence to indicate that spacecraft operations were adversely aected during either the 1965 or the 1966 Leonid storms. Likewise, no on-orbit fragmentation events can be associated with these events. These results, however, are a direct consequence of the small surface areas presented by the majority of spacecraft on-orbit in the storm years. There is some compelling, but not conclusive evidence to indicate that the Pegasus II and III satellites recorded a Leonid meteoroid strike in 1965, and that the Mariner 4 spacecraft encountered low mass Leonid meteoroids in 1967.
Extrapolating our ®ndings from the 1965±1966 epoch to the next Leonid storm epoch (that of 1998±2000) is not straightforward. The meteoroid uences that might be encountered by spacecraft during the potential Leonid storms in 1998 and 1999 are not predictable at the present time. From an historical perspective (e.g., from Table 2) we might expect a ZHR of two to ®ve thousand at storm maximum and a storm duration of about 5 h. Under these circumstances a¯uence H10
À5 meteoroids/m 2 , at a limiting mass of 10 À5 g, may well be realized. With this¯uence, an impact probability of H0.01% will result for spacecraft with an exposed cross-sectional area of 10 m 2 . The present on-orbit US Space Command Satellite Catalogue contains about 8000 objects of which about 6% are functional satellites. With a¯uence H10 À5 meteoroids/ m 2 we might expect, therefore, ®ve to ten functional satellites to be hit by Leonid meteoroids (assuming an average spacecraft cross-section area of 20 m 2 , a mass index s = 2, and a limiting meteoroid mass of 10 À7 g) during a storm. The consequences of such strikes are dicult to assess, but we note that a 10 À7 g Leonid meteoroid will probably carry sucient energy to puncture a typical solar array panel. Plasma and electrostatic discharge phenomena may also accompany Leonid meteoroid impacts.
Larger space platforms run a greater risk of being struck by meteoroids during a storm. The Mir space station, for example, has a surface area of H500 m 2 , and consequently an impact probability of order 50% could be realized during a Leonid storm (to a limiting meteoroid mass of 10 À7 g, and assuming a mass index of s = 2). Since the Mir station has a greater level of impact shielding than most objects in LEO and GEO, it may not, in spite of its greater size, experience any signi®cant meteoroid damageÐits solar arrays, on the other hand, may well fare badly during a storm.
As a ®nal comment, we note that the scheduling of human space¯ight missions, in which even very low impact probabilities are a concern, have been restricted by NASA during the times of potential Leonid storms [55, 56] . This is a direct protection option that is unfortunately not available to the majority of spacecraft and it would seem only prudent, therefore, that all space platform operators develop a set of meteor storm contingency plans, not just for the 1999 Leonids, but for all future meteor storms.
